Investigations with laboratory animals can reveal much about the basic psychobiological determinants of food preference and diet-induced overeating. When offered a choice of foods, rats typically prefer high-fat and=or high-sugar food items over their nutritionally balanced chow diet. In addition, they may increase their total energy intake by 20 -40% and consequently develop mild to moderate obesity. The role of flavor and postingestive nutritional actions on the preference for and overconsumption of fat-and sugar-rich foods has been questioned. To evaluate flavor and nutritional effects independently, recent studies have used self-regulated intragastric feeding paradigms. The results indicate that enhancing the flavor of food can significantly increase energy intake when nutrient composition is held constant. Similarly, changes in nutrient composition (ie fat -carbohydrate ratio) can significantly influence energy intake when flavor is held constant. In addition, postingestive nutrient actions can significantly alter flavor preferences through a conditioning process as function of nutrient type and concentration. Thus, food preferences and overeating result from interactions between the orosensory and nutritional properties of food.
Introduction
Among the many factors that influence energy intake and body adiposity are the quality and quantity of available foods. Studies of laboratory animals indicate that overeating (hyperphagia) and obesity can be induced by feeding animals an assortment of high-fat and high-sugar 'supermarket' foods (eg cookies, milk, cheese, etc) in addition to their standard chow. 1 The preference for and overconsumption of the fat-and sugar-rich foods is often attributed to their palatability, ie the hedonic response to their flavor, but this has remained a controversial issue. 2, 3 The presence of fat and=or sugar in food affects not only its flavor but also its postingestive nutritive consequences which can influence food intake and adiposity. Determining the relative importance of orosensory (flavor) and nutritional factors to food preference and intake is difficult, particularly with complex diets. As reviewed below, progress has been made towards this goal by using simpler diets and intragastric (IG) feeding techniques to independently vary the flavor and nutritional properties of food.
Carbohydrate flavor and postingestive actions
Of all the possible flavor elements (taste, odor, texture) in food, the sweet taste of sugar is the one that is recognized to have an inherent attraction to many animals, including humans. Rats given access to a sugar (sucrose or glucose) solution, in addition to chow and water, typically consume 60% of their total calories as sugar and increase their energy consumption by about 20%. 4 In addition to its attractive taste, sugar is more readily digested and absorbed than the starch in lab chow, and thus the degree to which sugarinduced overeating is due to the sugar's sweet taste or postingestive actions has been questioned. An early attempt 5 to resolve this issue compared the feeding response of rats to sugar solutions (sucrose, glucose) and maltodextrin solutions (eg Polycose 1 ). The maltodextrin solutions, which are rapidly digested to glucose, were assumed to be bland-tasting to the rats, as they are to humans. The results revealed that the maltodextrin solutions produced as much overeating and obesity as did the sugar solutions. Furthermore, adding sweet (saccharin) or bitter (sucrose octaacetate, SOA) adulterants to a Polycose solution did not alter its hyperphagiapromoting effect. 5 Yet, these tastants increased and decreased, respectively, the palatability of Polycose as measured by two-bottle preference tests. 6 These findings appeared to indicate that taste and palatability were not important determinants of carbohydrate-induced overeating. Subsequent studies revealed, however, that rats, unlike humans, are very attracted to the taste of maltodextrins. 4 Also, while the addition of an SOA to Polycose reduced its palatability to rats relative to an unadulterated solution, the taste of the SOA -Polycose solution was still quite attractive. 6 Given the rat's attraction to the tastes of sugars and maltodextrins, an alternative method was needed to dissociate taste from postingestive effects of carbohydrate appetite. This was accomplished by developing an 'electronic esophagus' preparation in which freely feeding animals could drink a fluid (22 h=day) and be automatically infused with the same or different fluid via an implanted intragastric (IG) catheter. 7 In a recent study 8 using this method, one group of rats was given access to a highly preferred solution (2% Polycose and 0.2% saccharin, P þ S) paired with IG infusions of 30% Polycose. A second group was given a mildly unpreferred solution (0.03% SOA) paired with IG infusions of 32% Polycose. Thus, both groups were exposed to the postingestive effects of 32% Polycose but the maltodextrin was associated with palatable (P þ S) and unpalatable (SOA) flavors. A control group had water to drink paired with IG water infusions. All rats had ad libitum access to chow and their respective fluid -infusate pairs. During the 4-week experiment, the P þ S group consumed substantially more flavored solution, and therefore was infused with more Polycose, than did the SOA group. The P þ S group also consumed significantly more energy (chow þ Polycose) and gained more weight than did either the SOA or control group. The SOA group did not gain more weight than did the control group, although their total energy intake was somewhat higher than that of the controls. These results demonstrate that taste can have a major impact on the preference for and intake of carbohydrate solutions. In the absence of a preferred taste, the postingestive actions of Polycose produced only a small hyperphagic response and no excess weight gain.
In addition to demonstrating the impact of flavor stimuli on food selection and intake, IG infusions studies have revealed that postingestive nutrient actions can, in turn, have potent effects on food preferences and intake. 9 Ramirez 10 reported, for example, that rats drank significantly more of a saccharin solution when it was paired with IG carbohydrate infusions than when it was paired with IG water infusions. We have confirmed this finding and further observed that rats learn to strongly prefer flavors that are paired with IG carbohydrate infusions over flavors paired with water infusions. 7, 9, 11, 12 Thus, the rat's strong preference for and overeating response to sugar and maltodextrin solutions appear to result from both inborn and nutritionally conditioned reactions to carbohydrate taste.
Fat flavor and postingestive actions
The fat content of food has a major impact on its palatability, energy density and postingestive metabolic actions. Rats typically prefer and overeat high-fat foods compared to low-fat foods, and gain more weight on a high-fat diet even if energy consumption is not elevated. 1, 13 Foods that are rich in both fat and sugar are particularly attractive and promote overeating. 1 As in the case of carbohydrate appetite, recent studies have used the IG feeding method to 'dissect' the determinants of fat appetite and overeating. Warwick and Weingarten 14 reported that rats fed a high-fat (HF) liquid diet overate and gained weight compared to rats fed an isocaloric high-carbohydrate (HC) liquid diet. (Note that the HF diet was also moderately high in sugar; 24% sucrose by calories.) To determine if the postingestive actions of the HF diet contributed to its hyperphagia-promoting effect, two groups of rats were fed the HF and HC diets via self-regulated IG infusions; whenever a rat drank a saccharin solution one of the diets was infused into its stomach; no other source of food or fluid was available. During the 16-day experiment, the HF rats consumed more saccharin and thus infused themselves with more diet than did the HC rats. This finding demonstrates that when flavor and caloric density differences were eliminated, the postingestive actions of the HF diet were sufficient to promote overeating relative to the HC diet. Warwick and Weingarten 14 attributed this response to the reduced satiating action of dietary fat. Although not investigated in their study, it is possible that improving the flavor associated with the high-fat infusion (eg using a dilute fat -sugar mixture instead of plain saccharin) and=or increasing the caloric density of the HF diet would have provoked an even greater hyperphagic response. These manipulations would approximate the common situation that high-fat foods have a more preferred flavor and greater caloric density compared to many low-fat foods.
The postingestive actions of high-fat diets may not only promote overeating, but also influence food preference via a flavor-nutrient conditioning process. We investigated 15 this possibility by offering rats different flavored saccharin solutions paired with IG infusions of isocaloric high-fat (HF) and high-carbohydrate (HC) diets similar to those used by Warwick and Weingarten.
14 On alternating one-bottle training days, the rats drank one flavored solution (the CS þ HF) paired with HF diet infusions, a second flavored solution (CS þ HC) paired with HC diet infusions, and a third flavored solution (the CS-) paired with IG water infusions. The flavored solutions (grape-, cherry-, or strawberry-saccharin) associated with the three different infusates were counterbalanced, and the solutions were available 22 h=day along with chow and water. The rats drank significantly more of the CS þ HF than of the CS þ HC and thus were infused with more diet and consumed more total calories (diet þ chow) on HF days than on HC days. The rats overconsumed the CS þ HF by taking more bouts per day; the mean bout sizes of the CS þ HF and CS þ HC did not reliably differ. In subsequent two-bottle choice tests, the rats strongly preferred both the CS þ HF and CS þ HC to the CS-, which confirms many other reports of nutrient-conditioned flavor preferences. 9 The important new finding was that they also significantly preferred the CS þ HF to the CS þ HC. A follow-up experiment revealed that the CS þ HF preference did not
Food preferences
A Sclafani result because the rats consumed more flavored solution and self-infused more liquid diet on CS þ HF training days than on CS þ HC training days. That is, rats that had their intakes of the CS þ HF and CS þ HC solutions and diet infusions matched during training still displayed a reliable CS þ HF preference. The conditioned preference for the CS þ HF flavor demonstrates that the postingestive effect of a HF liquid diet is more reinforcing to rats than an isocaloric HC liquid diet. The simplest explanation of this finding is that fat is inherently more reinforcing than carbohydrate, but just the opposite result has been obtained in other experiments. That is, rats trained with different flavored solutions paired with isocaloric IG infusions of corn oil emulsion and maltodextrin solution consistently prefer the carbohydrate-paired flavor. 16 Instead, it appears that the fat in the HF diet indirectly increases the diet's reinforcing action by reducing its satiating potency. This may seem counterintuitive, but recent studies indicate that the postingestive actions of highly concentrated, and therefore highly satiating nutrient sources, are less reinforcing than less concentrated nutrient sources. 17, 18 In addition, IG fat infusions are less satiating than isocaloric carbohydrate infusions. 16 As a test of this reduced satiety=increased reinforcement interpretation, we compared the reaction of rats to flavored solutions paired with the HF diet and a diluted version of the HC diet. 15 The two diet infusions were equally satiating in that the rats consumed comparable volumes of the CS þ HC and CS þ HF with similar bout patterns. In two-bottle choice tests, the rats did not reliably prefer the CS þ HF to the CS þ HC even though the HF diet infusions provided more calories than did the HC diet infusions.
Taken together, these recent IG feeding studies 14, 15 suggest that the reduced postingestive satiating effect of dietary fat may promote overconsumption, as well as increase the preference for high-fat foods. These experiments involved only liquid diets and one type of fat (corn oil), and thus the generality of the results remains to be determined.
Summary
Food preferences and diet-induced overeating are well documented in laboratory rats. The relative importance of flavor and postingestive nutrient effects in food choice and intake have been investigated using self-regulated intragastric feeding techniques. Enhancing the flavor of a solution paired with IG carbohydrate infusions significantly increases carbohydrate selection and total energy intake. 8 In contrast, altering the flavor of a highly preferred carbohydrate solution does not alter carbohydrate selection and intake, which indicates that there are limits to the degree to which palatability manipulations can influence food choice and consumption. 2, 5 When flavor stimuli are equated, changes in the nutrient composition (fat -carbohydrate ratio) of the IG infusions can significantly alter energy intake. In particular, infusions of a high-fat diet stimulate more overeating than do infusions of an isocaloric high-carbohydrate diet. 14, 15 Finally, flavor and postingestive nutrient effects are not independent because nutrient feedback can condition changes in flavor preferences. 9 The postingestive reinforcing and satiating actions of nutrients interact in determining flavor preferences and food consumption. Much remains to be learned about the psychobiological processes involved in these flavor-nutrient interactions.
